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Wind  energy  continues  to  stand  out  as  a  more  established  and  mature  technology  to  offset  a  large 
proportion  of  power.  Efforts  aimed  at  improving  wind  energy  use  to  meet  the  energy  demand  in 
turbulent  urban  wind  environment  have  been  the  main  technical  focus.  In  previous  studies  on  wind 
resource  and  behavior  in  urban  environment,  different  designs  of  horizontal  axis  wind  turbines  (HAWTs) 
and  vertical  axis  wind  turbines  (VAWTs)  have  been  reviewed.  This  paper  vividly  captures  the  fact  that 
wind  resource  has  a  great  potential  to  be  fully  explored  and  developed  in  the  urban  environment. 
Varying  ways  of  application  and  application  techniques  being  applied  for  electrical  generation, 
ventilation  and  pollution  dispersion,  onshore  cooling  and  dehumidification  of  coastal  urban  cities,  and 
economics  and  environmental  benefits  of  applying  wind  energy  in  urban  environments  are  summarized. 
Although  many  new  ideas  and  solutions  that  factor  technical,  economical  and  environmental  sustain¬ 
ability  in  urban  areas  are  coming  up  every  day,  challenges  in  design  are  gradually  being  solved  to  take 
advantage  of  urban  low  and  turbulent  wind  speed  characteristics,  installation  space  challenges,  vibration 
and  noise  reduction,  among  others.  Some  of  the  unique  solutions  that  have  been  and  are  being 
developed  in  the  applications  of  wind  energy  technology  in  urban  environments  are  also  reported  in 
this  paper. 
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1.  Introduction 

Increase  in  urbanization  and  industrialization  around  the 
world  in  recent  years  has  led  to  a  consequent  rise  in  energy 
demand  [1,2].  The  expectation  that  more  people  will  move  to 
urban  areas  during  the  next  few  decades,  especially  in  developing 
countries  [3],  has  increased  the  need  for  more  safe,  secure, 
affordable  and  environmental  friendly  energy  sources  to  satisfy 
the  growing  population  [4-6],  In  recent  years  it  has  been  reported 
that  approximately  75%  of  generated  power  is  consumed  in 
cities  [7],  Generation  of  power  within  the  city  could  be  of  great 
importance  to  help  reduce  both  the  generation  load  and  transmis¬ 
sion  infrastructure.  In  addition,  it  may  also  minimize  transmission 
losses  due  to  reduced  distance  from  users  [8].  With  the  global 
energy  demand  in  2040  being  expected  to  be  about  30%  higher 
than  that  of  2010  [9],  it  is  predicted  that  more  challenges  such  as 
increased  environmental  problems,  depletion  of  fossil  fuels  and 
unstable  oil  prices  will  intensify.  For  these  reasons,  urgent  need  for 
the  incorporation  of  alternative  energy  as  well  as  energy  efficiency 
measures  has  to  be  incorporated  in  urban  planning  and  construc¬ 
tion  [10],  In  recent  years,  it  has  been  widely  projected  that  wind 
energy  will  be  among  the  best  alternative  energy  sources  needed 
for  urban  environment  as  it  is  clean,  affordable,  safe,  and  available 
in  the  long-term. 

A  lot  of  efforts  have  been  made  in  the  last  few  decades  in 
exploring  wind  energy  and  improving  wind  energy  application 
technologies  to  optimize  performance  and  increase  generation  in 
turbulent  urban  wind  profile  [  11  ].  Until  now,  two  main  approaches 
that  have  been  integrated  in  large  scale  wind  energy  in  urban 
settings  are  either  locating  wind  energy  farm  in  the  periphery  of 
the  urban  areas  or  integration  of  wind  energy  systems  into  the 
building  design.  Although  the  former  has  been  widely  employed  in 
the  recent  years  to  overcome  the  challenges  of  turbulence,  noise, 
size,  space  and  visual  impact  created  in  the  city  among  others, 
wind  turbines  outside  the  city  comes  with  additional  cost  to 
provide  electricity  network  to  transmit  power  to  a  distant  elec¬ 
trical  load  [12],  On  the  other  hand,  the  latter  eliminates  the  need 
to  expand  the  high  voltage  electricity  network  to  provide  elec¬ 
tricity  for  these  loads  although  it  faces  challenges  such  as  low  or 
poor  wind  turbine  output,  shadow  flicker,  strong  visual  impact  and 
to  some  extent  vibrations  and  noise  issues  in  buildings  [13], 
In  addition  it  also  requires  detailed  planning  and  design  to  be 
able  to  take  maximum  advantage  of  the  wind  in  the  urban 
environment. 

As  wind  energy  continues  to  stand  out  as  a  more  established 
and  mature  technology  to  offset  large  proportion  of  power,  it  is 
important  to  note  that  more  still  needs  to  be  done  to  exploit  its  full 
potential  especially  in  urban  environment.  Many  researchers  are 
now  studying  urban  wind  characteristics  [14],  with  many  focusing 
on  building  mounted  turbines  [15,16].  Based  on  the  World  Wind 
Energy  Report  in  2011  [17],  advances  in  wind  turbines  aerody¬ 
namics,  their  structural  dynamics  and  micrometeorology  have 
contributed  to  a  5%  annual  increase  in  the  energy  production  of 
the  turbines  within  the  last  2-3  decades  [18,19],  In  addition  to  the 
improvement  in  energy  output  of  the  turbines,  the  weights  of  the 
turbines  as  well  as  the  noise  they  emit  have  also  been  halved  over 
the  last  few  years  [19-21].  Moreover,  the  designs  have  been 
improved  to  adapt  to  urban  high  rise  applications  [16].  As  wind 


energy  applications  techniques  continues  to  be  applied  in  urban 
environment,  researchers  are  also  carrying  out  studies  on  pedes¬ 
trian  level  wind  in  urban  streets,  thermal  environments  in  urban 
areas,  onshore  flow  in  coastal  urban  areas,  street  ventilation  and 
pollutant  dispersion  [22-24], 

As  wind  energy  resources,  exploration  and  use  in  urban  areas 
come  under  increasing  scrutiny  as  part  of  renewable  energy 
solutions,  the  need  to  consider  the  suitability  of  wind  resources 
and  its  exploitation  technology  in  the  urban  environment  becomes 
a  timely  option.  Kaldellis  and  Zafirakis  [25,26]  did  a  systematic 
study  presenting  the  main  trends,  prospects  and  research  and 
development  directions  in  wind  turbine  technology.  They  investi¬ 
gated  the  main  technological  developments  throughout  the  entire 
period  of  wind  energy  growth  and  outlined  the  most  important 
research  efforts  associated  with  the  establishment  of  wind  energy. 
They  further  forecasted  the  most  challenging  future  of  research 
and  development  with  a  reflection  on  growth  trend.  Islam  et  al. 
[6,19]  reviewed  some  progress  and  recent  trends  of  modern  wind 
energy  technologies.  Their  research  projection  estimated  that  the 
Vertical  Axis  Wind  Turbine  (VAWT)  can  dominate  the  wind- 
energy  technology  due  to  their  relatively  less  space  requirements 
as  well  as  potential  to  produce  more  energy  compared  to  the 
Horizontal  Axis  Wind  Turbine  (HAWT).  Dennis  et  al.  [27]  did  an 
overview  of  world  wind  energy  scenarios,  the  current  status  of 
wind  turbine  development,  development  trends  of  offshore  wind 
farms,  and  the  environmental  and  climatic  impact  of  wind  farms. 
Hameed  et  al.  [18]  did  a  comparative  study  of  wind  energy, 
problems,  solutions  and  suggestion  as  a  result  of  the  implementa¬ 
tion  of  wind  turbine.  They  reported  that  wind  energy  develop¬ 
ment  would  reduce  both  environmental  pollution  and  water 
consumption.  However,  noise  pollution,  visual  interference  and 
negative  impacts  on  wildlife  were  still  matters  of  concern. 

To  date,  substantial  publications  on  wind  energy  have 
mainly  focused  on  regional  wind  energy  assessment  [28],  wind 
speed  distribution  functions  [29,30],  economic  aspects  of  wind 
energy  [31]  and  regional  wind  energy  policies  [32].  Despite  the 
fact  that  several  works  have  been  done  on  wind  turbines  aero¬ 
dynamics  and  design  [33],  urban  micrometeorology  [34,35]  and 
urban  pollution  dispersion  [36,37],  no  or  very  little  work  has  been 
done  on  wind  energy  resource  and  its  applications  in  urban 
environment.  This  article,  therefore,  provides  knowledge  on  wind 
energy  layout  in  urban  environment  for  natural  ventilation,  its 
potential  in  pollution  dispersion  as  well  as  energy  generation  and 
its  potential  implications  economics  and  environmental  of  urban 
environments.  In  addition,  this  paper  also  captures  the  fact  that 
wind  resource  has  a  great  potential  to  be  fully  explored  and 
developed  for  onshore  cooling  and  dehumidification  of  coastal 
urban  cities.  It  is  expected  that  this  review  will  be  useful  for 
researchers  as  well  as  professionals,  urban  planners  and  architects, 
in  the  wind  energy  field. 


2.  Typical  wind  behavior  in  urban  environment 

Wind  is  the  air  motion  relative  to  the  earth  that  is  created  by 
difference  in  atmospheric  pressure  caused  by  difference  in  tem¬ 
perature  due  to  difference  in  the  intensity  of  solar  radiation 
reaching  the  earth’s  surface  [38].  Generally,  wind  moves  in  a 
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three-dimensional  pattern  from  areas  with  high  atmospheric 
pressure  to  those  with  low  pressure.  These  atmospheric  pressure 
difference  as  well  as  rotation  of  the  earth  creates  currents  within 
the  atmosphere  that  work  as  an  immense  energy  transfer  med¬ 
ium.  Besides  these  major  forcing  agents,  other  factors  such  as 
topographical  features  alter  the  wind  energy  distribution,  espe¬ 
cially  on  a  local  scale. 

Very  little  research  focusing  on  urban  wind  speeds  with  a  view 
on  wind  turbine  applications  has  so  far  been  conducted  [39], 
Within  an  urban  environment,  the  surface  roughness  that  results 
to  a  high  turbulence  zone  as  shown  in  Fig.  1  greatly  influences  the 
wind  speed  and  direction,  hence  its  extractable  power  [40],  Since 
buildings  are  three-dimensional  objects,  the  speed  of  wind 
flowing  around  them  increases  with  height  as  the  turbulence 
decreases  [41  j.  At  the  same  time,  when  air  hits  buildings  and  other 
obstacles  in  the  urban  environment,  a  resultant  complex  air  whirls 
or  waves  are  formed  as  shown  in  Fig.  2.  Based  on  this  turbulent 
effect,  wind  turbines  needs  to  be  placed  high  enough  to  capture 
strong  winds  and  be  above  any  turbulent  air  [42], 

Since  wind  data  analysis  provides  important  information  on 
siting,  design  and  performance  prediction  of  wind  energy  systems, 
several  methods  have  been  developed  to  derive  wind  speed 
data  for  specific  sites  based  on  measured  data  from  other  locations 
[45-47].  Widely  used  methods  in  estimation  of  wind  resource 
includes;  measurement  [48],  measure-correlate-predict  [49],  and, 
Wind  atlas  data  [50],  Weibull  and  Rayleigh  frequency  distribution 
functions  in  particular  have  also  been  used  for  the  estimation  of 
wind  resource  [51-53].  Because  of  significant  differences  that 
might  result  due  to  differences  in  methodologies  of  data  analysis, 
appropriate  sampling  frequency  and  averaging  or  correlation 
between  actual  measurement  and  prediction  needs  to  be  consid¬ 
ered  carefully  [54,55], 

In  a  broad  spectrum,  a  combination  of  building  shape,  height 
and  distance  between  buildings  affects  the  direction  and  intensity 
of  wind  flow  and  can  potentially  affect  its  extraction  for  energy  in 
urban  environment  [56,57].  Airflow  through  buildings  has  been 
researched  by  many  researchers  using  different  statistical  analysis. 
Usually,  the  association  between  typical  architectural  forms  and 
the  wind  environment  in  street  canyons,  semi-closures,  courtyard 
forms  and  relatively  open  spaces  in  low-rise  building  complexes 
are  investigated.  The  collected  and  recorded  measured  data 


Fig.  2.  Wind  flow  around  buildings  forms  a  complex  air  flow  pattern  whirls  and 
waves  [44], 


captures  information  on  wind  speed  and  wind  direction  at 
different  locations.  Statistical  analysis  methods  are  then  employed 
to  identify  key  factors  describing  the  effects  of  built  form  on  the 
resulting  airflows.  Knowledge  on  how  wind  flows  around  build¬ 
ings  in  urban  environment  is  of  great  importance  in  making 
decision  on  the  best  location  and  design  for  wind  turbine, 
ventilation,  pollution  dispersion  and  pedestrian  comfort  [58], 

2.2.  Analysis  of  wind  characteristic  in  urban  environment 

2.1.1.  Urban  morphology  and  surface  roughness:  case  study  in  cities 

Main  wind  characteristics  such  as  surface  drag,  scales  and 
intensity  of  turbulence,  wind  speed,  and  the  wind  profile  in  urban 
areas  are  greatly  affected  by  roughness  properties  of  the  urban 
areas  [59].  Critical  and  precise  evaluation  of  such  aerodynamic 
characteristics  of  wind  in  urban  areas  is  therefore  very  significant 
in  depicting  and  predicting  urban  wind  behaviors  [60,61], 
Currently,  three  classes  of  methods  can  be  used  to  estimate  the 
surface  roughness  in  urban  areas.  These  methods  include  Daven¬ 
port  roughness  classification  [62],  morphometric  and  microme- 
teorological  methods  [60].  The  Davenport  classification  is  a  surface 
type  classification  based  on  the  assorted  surface  roughness  values 
that  use  high-quality  observations.  It  covers  a  wide  range  of 
surface  types.  This  method  is  not  too  helpful  to  be  used  to  describe 
urban  permeability  in  high  density  cities.  Compared  with  the 
micrometeorological  method,  the  morphometric  method  esti¬ 
mates  the  aerodynamic  characteristics  using  empirical  equations 
[63-65],  In  the  roughness  layer,  the  flow  region  in  the  immediate 
vicinity  of  the  urban  canopy  elements,  wind  flow  behavior 
depends  locally  on  the  particular  building  arrangements  resulting 
to  a  rather  complex  structure  [66],  The  roughness  layer  extends 
from  the  surface  up  to  a  level  at  which  horizontal  homogeneity  of 
the  flow  is  achieved.  This  occurs  at  2-5  times  the  average  canopy- 
element  height  [67],  and  in  areas  with  high  buildings,  it  can 
occupy  a  significant  part  of  the  urban  boundary  layer  where  most 
of  the  pollution  problems  occur. 

As  wind  energy  technologies  mature,  few  studies  that  aim  at 
wind  turbine  application  in  urban  environment  have  been  con¬ 
ducted.  Wind  energy  assessment  done  in  Masdar  city  with  annual 
data  collected  under  different  heights  at  different  temporal  reso¬ 
lutions  provides  valuable  feasibility  analysis  [68],  Fig.  3  shows  the 
monthly  average  wind  speed  at  the  heights  of  10  m,  30  m,  40  m 
and  50  m.  According  to  the  data  collected,  stronger  and  more 
stable  average  wind  speeds  were  recorded  as  the  height  above  the 
ground  increased  from  10  m  to  50  m.  The  data  showed  that  the 
windiest  months  were  from  May  to  August  having  an  average 
wind  velocity  of  about  4.5  m/s.  Since  annual  average  wind  speed  is 
close  to  the  cut-in  wind  speed  of  most  horizontal  axis  wind 
turbines  (HAWTs),  accurate  wind  energy  production  study  for 
HAWT  implementation  at  Masdar  City  had  to  be  evaluated.  Based 


Fig.  3.  Monthly  average  wind  speed  in  2010  (m/s)  [68], 
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Table  1 

Mean  wind  speed  and  turbulence  intensity  at  different  heights  [101], 


Height  (m) 

Yearly  average  wind  speed 
(m/s) 

Turbulence  intensity 

(%) 

10 

3.06 

19.82 

30 

3.74 

15.01 

40 

3.95 

14.03 

49 

4.20 

1.97 

50 

4.25 

12.71 

on  the  values  tabulated  in  Table  1,  Masdar  city  was  classified  as  a 
high-turbulent  region  at  value  of  greater  than  50%  [69].  The  annual 
collected  data  categorized  Masdar  city  as  poor  wind  region  with 
high  turbulence  intensity,  e.g.,  the  turbulence  intensity  is  as  high 
as  19.82%  at  the  height  of  10  m  [68].  However  based  on  the 
investment-return  and  without  accounting  for  the  carbon  trading, 
these  results  can  support  small  wind  turbine  implementation. 


2.1.2.  Wind  flow  characteristics  in  the  urban  canopy  layer 

People  living  or  working  in  urban  centers  will  always  notice 
windy  spots.  While  many  wind  practitioners  discount  the  appro¬ 
priateness  of  placing  wind  turbines  in  urban  areas,  knowledge  of 
wind  flow  characteristics  in  the  urban  canopy  layer  is  relevant  for 
a  number  of  reasons:  (a)  it  helps  in  the  analysis  of  diffusion  of 
pollutants  in  urban  streets  [70],  (b)  helps  in  evaluation  of  the  wind 
comfort  at  pedestrian  level  [71],  and  (c)  helps  in  characterization 
of  the  wind  loading  of  small  to  medium  size  structures  in  the 
urban  environment  [40].  Until  now,  research  into  boundary  layer 
climates  in  urban  areas  has  predominantly  been  driven  by  an 
interest  in  pollution  dispersal,  and  to  a  lesser  extent  pedestrian 
comfort.  Research  has  shown  that  wind  flow  characteristics  in 
urban  environment  are  quite  different  from  those  of  a  Turbulent 
Boundary  Layer,  which  are  naturally  developed  over  a  homoge¬ 
neous  rough  surface  [72],  Kim  and  Baik  [70]  analyzed  the  effects  of 
inflow  turbulence  intensity  on  flow  and  pollutant  dispersion  in  an 
urban  street  canyon  using  a  two-dimensional  numerical  model. 
They  reported  that  the  time  series  and  residue  ratio  of  pollutant 
concentration  show  that  the  inflow  turbulence  intensity  signifi¬ 
cantly  affects  pollutant  concentration  in  the  street  canyon. 
Furthermore  they  stated  that  as  the  inflow  turbulence  intensity 
increases,  the  pollutant  concentration  in  the  street  canyon 
becomes  low  and  hence  more  pollutants  escape  from  the  street 
canyon.  Janssen  et  al.  [71]  did  a  case  study  on  wind  comfort 
situation  of  three  main  wind  nuisance  configurations  in  a  complex 
urban  area.  Their  comparative  analysis  showed  that  the  choice  of 
the  comfort  criterion  can  be  influential  on  the  decision  of  whether 
or  not  remedial  measures  should  be  considered,  whether  or  not  a 
building  permit  would  be  granted  and  whether  or  not  the  final 
design  would  provide  a  tolerable  wind  climate.  This  emphasized 
on  the  importance  of  standardizing  the  wind  comfort  assessment 
procedure,  especially  that  concerning  the  comfort  criterion. 

In  the  urban  canopy  layer,  the  flow  is  almost  completely 
governed  by  street  or  canyons’  geometry  (aspect  ratio  and  length- 
to-depth  ratios)  and  building  height  distribution  especially  in 
urban  sections  where  buildings  are  closely  spaced  and  a  skimming 
flow  pattern  takes  place  [40,73],  but  less  governed  by  the  char¬ 
acteristics  of  the  oncoming  flow.  In  deep  canyons  as  shown  in 
Fig.  4,  the  vortices  interact  poorly  with  the  external  wind  flow 
above  the  canyon  resulting  in  very  little  or  completely  insignificant 
contribution  to  the  removal  of  exhaust  gases  [74],  Relatively  short 
canyons  provide  better  ventilation  around  corners  [75],  This  effect 
is  especially  facilitated  with  the  formation  of  corner  vortices.  This 
effect  however  fades  with  increasing  street  length.  The  presence  of 


Fig.  4.  Deep  urban  canyon  [78], 


intermittent  vortices  at  the  building  corners  creates  a  ‘conver¬ 
gence  zone’  in  the  mid-block  region  of  the  street  canyons  or 
intersections  resulting  in  highest  degree  trapping  of  pollutants 
[76],  Within  urban  street  intersections,  wind  vortices,  low- 
pressure  zones  and  channeling  effects  may  cause  maximum 
trapping  of  pollutants  in  the  lower  portion.  In  cases  of  high-rise 
buildings,  forming  intersections  provides  better  ventilation  around 
corners  due  to  the  formation  of  corner  vortices  [77], 


2.1.3.  Wind  flow  characteristics  along  rivers,  seaside  and  open  areas 

In  addition  to  the  above  mentioned  processes  affecting  the 
urban  air  quality  the  airflow  over  larger-scale  urban  features,  such 
as  rivers  or  parks  and  on  the  seaside  also  need  to  be  understood 
[79],  The  quality  of  air  in  urban  environment  generally  depends  on 
the  ventilation  processes  [80].  In  addition,  the  atmospheric 
boundary  layer  depth  also  determines  air  pollutant  concentra¬ 
tions  [81],  It  is  therefore  important  to  have  knowledge  of  all  the 
processes  affecting  the  urban  air  quality.  A  lot  of  studies  have  been 
done  on  wind  flow  on  buildings  as  mentioned  above.  However, 
there  are  some  city  forms  (for  example  presence  of  rivers,  parks, 
and  open  grounds)  that  have  proved  challenging  to  study  using 
localized  point  measurements  methods  due  to  their  formation  and 
siting  nature  [80],  Despite  this,  the  use  of  ground-based  remote 
sensing  has  proved  helpful  in  providing  a  more  representative 
analysis  of  airflow  in  such  urban  locations. 

Previous  research  has  shown  that  rivers  have  the  potential  to 
provide  a  key  mechanism  for  ventilation  in  cities  [82],  Their 
presence  provides  similar  mechanism  to  those  provided  by  urban 
street  canyons  for  the  airflow  varies  in  space  and  time  in  the 
vicinity  of  rivers.  Wood  et  al.  [80]  revealed  that  the  turbulence 
level  of  airflow  across  the  river  and  its  surrounding  environment 
varies  according  to  the  roughness  within  the  river  environment. 
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This  significantly  affects  the  air  quality  and  pollution  dispersion 
around  urban  rivers,  especially  given  that  many  cities  have  high 
traffic  rates  on  roads  located  on  liverbanks. 

Until  now,  latent  and  sensible  heat  fluxes  above  rivers  [83]  have 
received  comparatively  little  attention.  In  addition,  some  mesos- 
cale  processes  can  also  affect  ventilation  to  a  significant  extent. 
Within  the  urban  environment,  wind  speed  is  generally  greatest 
when  the  wind  flows  parallel  to  the  river.  However,  lower  relative 
wind  speeds  can  be  found  when  the  approach  airflow  is  perpen¬ 
dicular  to  the  river  due  to  change  in  aerodynamic  drag.  The  air 
flowing  over  the  river  generally  becomes  less  turbulent  after 
passing  through  the  building  [80],  In  general,  the  complexity  of 
the  airflow  changes  according  to  space  and  time  due  to  the 
changes  experienced  in  ground  height  as  well  as  in  building 
heights. 

3.  Common  types  of  wind  turbines  currently  being  used 
in  urban  environment 

The  kinetic  energy  in  the  wind  is  harnessed  by  wind  turbines 
and  transforms  it  into  electrical  power  or  mechanical  work  [84], 
Since  wind  profiles  in  urban  areas  tend  to  be  more  turbulent  due 
to  the  presence  of  buildings,  trees  along  the  streets,  and  other 
obstacles  [85],  urban  environment  has  unique  challenges  in 
development  of  wind  energy  systems.  Much  of  the  on-going 
developments  on  these  systems  are  noise  reduction,  esthetics, 
integration  into  architectural  systems,  and  efficient  use  of  the 
available  wind  resource  [86],  Over  the  past  few  years  the  major 
advancements  in  development  trend  has  been  to  increase  the  size, 
efficiency  and  reliability  of  wind  turbines,  making  their  deploy¬ 
ment  more  cost-effective.  Although  there  are  many  different 
configurations  of  wind  turbines  [87],  two  classified  types  of  wind 
turbines  used  in  urban  areas  are  horizontal  axis  wind  turbines 
(HAWTs)  and  vertical  axis  wind  turbines  (VAWTs)  [88], 

3.1.  Horizontal  axis  wind  turbines  (HAWTs) 

Until  now,  the  common  types  of  wind  turbines  used  in  urban 
environment  are  horizontal  axis  wind  turbine  types.  Modern 


utility-scale  of  HAWTs  is  near  the  theoretical  maximum  for 
efficiency,  a  reason  why  the  industry  focuses  on  that  type  of 
turbine  [89],  These  types  of  wind  turbines  have  their  axis  of 
rotation  of  the  blades  in  a  horizontal  position  [90],  During 
operation,  the  wind  blows  through  blades,  converting  wind's 
energy  into  rotational  shaft  energy.  The  propeller-type  rotor 
mounted  on  a  horizontal  axis  needs  to  be  positioned  into  the 
wind  direction  by  means  of  a  tail  or  active  yawing  by  a  yaw  motor 
[91,92],  Due  to  the  sensitivity  of  HAWTs,  changes  in  wind  direction 
and  turbulence  especially  in  urban  environment  negatively  affects 
the  performance  because  of  the  required  repositioning  of  the 
turbine  into  the  wind  flow  [93,94].  The  real  and  perceived 
problems  with  large  HAWTs  in  urban  environment  are  the  dangers 
to  birds  and  aircraft,  esthetics,  manufacturing  issues,  maintenance, 
etc.,  HAWT’s  blade  sizes  are  also  part  of  their  limitations  in  their 
use  in  urban  environment  [95],  After  certain  length  of  the  blade, 
you  cannot  make  them  larger.  However,  stacking  up  large  VAWTs, 
possibilities  of  building  a  larger  structure  within  the  urban  exists, 
opening  up  more  change  for  VAWTs  penetration  in  urban  market. 
Fig.  5  shows  different  orientations  of  HAWTs  that  can  be  used  in 
urban  environment.  Their  main  design  features  and  design  objec¬ 
tives  are  summarized  in  Table  2. 

3.2.  Vertical  axis  wind  turbines  (VAWTs) 

The  vertical  axis  wind  turbines  have  a  vertical  axis  of  rotation 
of  blades  about  the  vertically  positioned  shaft  [104],  The  advan¬ 
tage  of  these  types  of  machines  is  that  they  do  not  have  to  face  in 
any  particular  direction  with  respect  to  wind;  this  makes  them 
perfectly  suitable  for  urban  environment  [38,95,103].  Another 
benefit  of  these  types  of  turbines  is  that  the  generator  and  gearbox 
can  be  installed  at  ground  level  making  them  easy  to  service  and 
repair  apart  from  being  suitable  in  building  mounting  in  urban 
environment.  Due  to  the  turbulence  nature  of  the  wind  in  the 
urban  environment,  the  vertical  wind  turbines  provide  a  much 
better  option  for  small  scale  production  as  they  can  handle  much 
higher  turbulence  and  varied  wind  speeds  as  compared  to  HAWTs. 
Consequently,  because  of  their  lower  elevation,  they  are  ideal  for 
cities  and  other  densely  populated  areas  where  it  has  not  been 
possible  to  set  up  wind  turbines  [13],  In  general,  most  of  the 


Fig.  5.  Examples  of  HAWTs.  (a)  Swift  wind  turbine  [96],  (b)  Eclectic  wind  turbines  [92],  (c)  Fortis  Montana  wind  turbine  [97],  (d)  Scirocco  wind  turbines  [98],  (e)  Tulipo  wind 
turbine  [99],  and  (f)  the  Savonius  type,  (i)  Energy  Ball  [100]  and  (ii)  WindWall  [101]. 
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Table  2 

Orientations  of  horizontal  axis  wind  turbines  [102,103]. 


HAWT  type 

Design  features 

Main  purpose 

Swift  wind  turbine 

They  are  small  wind  turbines  with  thin  blades  encircled  by  a  ring  to 
reduce  vibration  and  diffuse  noise  to  a  level  of  less  than  35  dB 

Designed  to  reduce  noise,  making  them  more 
suitable  to  be  installed  on  roof  tops  especially  in  urban 
areas 

Eclectic  wind  turbines 

Their  rotor  blades  designs  are  optimized  for  low  wind  speed,  i.e.,  at  11  m/s, 
this  type  of  turbine  can  still  provide  sufficient  power 

They  are  small  and  light  enough  making  them  suitable 
to  be  easily  attached  to  most  building  in  urban  areas 

Fortis  Montana 

Blades  are  designed  to  be  really  quiet  (makes  l-3decibels  above 
the  background  noise)  with  a  low  tip  speed  -  you  really  can't  hear  this 
turbine  from  50  m 

They  are  small  wind  turbine  used  mostly  for  home 
electrification  by  individual  users  to  save 
on  their  electricity 

Scirocco  wind  turbines 

Designed  to  incorporate  features  found  on  much  larger  turbines,  such  as 
variable  pitch  blades  and  an  optimized  two  blades  rotor 

Optimize  lower  wind  speeds  with  an  excellent 
cost/performance  ratio 

Tulipo  wind  turbine 

It  is  specially  equipped  with  fixed  stall  blades  that  require  minimum 
maintenance.  They  have  specially  designed  blades  which  rotate  at 
relatively  low  speed  emitting  almost  no  noise  or  vibrations 

Can  generate  high  electrical  power  at  low 
nominal  wind  speed 

Savonius  type 

These  types  of  HAWTs  use  drag  forces  to  create  rotation  of  the  shaft 

Energy  Ball  shown  in  Fig.  9  (a)  has  a  tail  but  with  an  innovative 

rotor  construction,  six  half-circular  blades  forming  a  spherical  construction 

WindWall  shown  in  Fig.  9  (b)  has  the  axis  fixed  to  the  roof  in  a  way 

that  it  can  extract  the  wind  from  only  one  direction  making  it  suitable  only  for 

locations  where  the  wind  from  one  direction  strongly  prevails 

They  are  meant  to  be  self-starting  when 
designed  with  at  least  three  scoops  whereas  those 
designed  with  long  helical  scoops  give  a  smooth  torque 

a 

b  c 

d 

Fig.  6.  Different  types  of  Darrieus  wind  turbines,  (a)  Turby  turbine  [111  ],  (b)  WindSide  [112]  Turbine,  (c)  Ropatec  turbine  [113],  and  (d)  Gorlov  helical  turbine  [  114]. 


electricity  produced  by  VAWTs  is  utilized  on-site.  These  types  of 
wind  turbines  are  preferred  in  small  scale  installations,  and 
generally  generate  very  little  energy  as  compared  to  their  hor¬ 
izontal  axis  counterparts  [105], 

The  overall  increase  in  the  use  of  smaller  VAWTs  in  the  urban 
environment  has  been  due  to  the  ease  and  low  manufacturing  cost 
for  smaller  turbines.  These  turbines  are  more  scalable  and  can  be 
installed  at  a  lower  elevation  above  the  ground.  For  these  reasons, 
the  market  share  of  these  types  of  turbines  is  improving  due  to 
their  relatively  low  maintenance  costs  as  well  as  decreased  impact 
they  cause  on  birds  and  aircrafts.  Compared  to  farms  of  HAWTs, 
the  VAWT  farm  has  three  times  the  power  density  at  one  tenth  of 
the  height  [106],  There  are  four  main  types  of  vertical  axis  wind 
turbines  used  in  urban  environment  today  as  shown  in  Fig.  6  and 
summarized  in  Table  3.  They  are  namely;  Darrieus,  Gorlov,  Giro 
Mill  and  Savonius. 

As  mentioned  before,  unlike  the  large  open  windmill  farms, 
extracting  wind  energy  in  an  urban  scenario  is  challenging 
because  of  the  tight  space  constraints  and  the  fact  that  wind 
profile  is  highly  turbulent  with  rapid  fluctuations,  both  in  terms 
of  magnitude  as  well  as  direction.  Due  to  this,  development  of  a 
revolutionary  and  extremely  efficient  small-scale  variable  pitch 
VAWT,  with  a  simplified  blade  pitching  mechanism,  is  among 


the  recent  main  research  topics.  Kinematic  coupling  of  the  blade 
pitching  mechanism  with  turbine  rotation  could  reduce  the 
additional  power  required  to  pitch  the  blade.  In  addition,  it 
enables  easy  blade  pitching  with  changes  in  wind  direction 
[107],  This  capability  of  the  present  VAWT  pitch  mechanism,  to 
immediately  respond  to  changes  in  wind  direction,  is  the  key  to 
maximize  the  power  extraction  in  urban  environments  where 
wind  direction  changes  rapidly  [108],  Recent  research  on  the 
VAWT  blades  is  also  focusing  on  light-weight  systems  to  mini¬ 
mize  turbine  structural  loads  and  provide  high  strength-to- 
weight  ratio  [109],  This  reduces  the  cases  of  large  bending  and 
torsional  deformations  due  to  the  large  transverse  centrifugal 
loading,  which  would  hamper  the  turbine  efficiency  during 
operation.  The  present  blades  use  an  innovative,  high 
strength-to-weight  ratio,  composite  blade  structural  design, 
which  is  similar  to  the  blades  used  in  case  of  the  flying 
cyclocopter  [110],  where  the  blades  operate  under  larger 
dynamic  loads  due  to  the  higher  rotational  speed  of  the 
powered  rotor. 

With  the  idea  of  designing  and  building  suitable  small-scale 
wind  turbines  for  urban  environments  in  mind,  various  HAWTs 
and  VAWTs  have  been  researched  on  to  determine  their  suitability. 
Simple  construction  and  cost  of  materials  has  been  a  major  driving 
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Table  3 

Orientations  of  vertical  axis  wind  turbines  [93,103], 


VAWT  type 


Design  features 


Main  purpose 


Darrieus  wind  turbine 


Gorlov  helical  turbine 
Giromill 


Uses  three  or  more  blades  to  reduce  torque  ripple  which  results  in  a 
higher  solidity  for  the  rotor.  Different  orientations  of  Darrieus  wind 
turbines  are  Turby  turbines,  WindSide  Turbines,  and  Ropatec  turbine. 
It  is  a  subtype  of  Darrieus  turbine  designed  in  a  helical  configuration. 

It  is  a  subtype  of  Darrieus  turbine  with  straight  blades 


Designed  for  high  rooftops  use  i.  It  is  capable  of  generating  enough 
electricity  at  very  low  wind  speeds  and  in  extreme  temperatures, 
hence  reduces  the  electric  bill  for  a  typical  home. 

Designed  to  provide  self-starting  with  lower  torque  ripple 
as  well  as  low  vibration  and  noise,  and  low  cyclic  stress. 

Designed  to  give  variable  pitch,  which  makes  it  have  a  high  starting 
torque  with  a  lower  blade  speed  ratio  and  provides  more  efficient 
operation  in  turbulent  wind,  to  reduce  the  torque  pulsation 
and  make  it  self-starting. 


factor  in  the  decision  making  process.  Large  utility-scale  HAWTs 
are  very  expensive  to  produce  and  also  require  enormous  manu¬ 
facturing  facilities.  Smaller  VAWTs  can  be  produced  in  more 
modest  facilities  using  standard  techniques  leading  to  lower 
overall  costs.  Despite  the  fact  that  they  have  not  been  commer¬ 
cially  successful,  VAWTs  have  been  preferred  for  small  scale  power 
production  in  urban  environment  as  they  possess  the  required 
design  factors  [115].  Until  now,  HAWTs  are  highly  developed  and 
currently  available  in  the  entire  existing  wind  farms  [19],  Studies 
estimate  that  within  the  next  2-3  decades,  VAWTs  can  dominate 
the  wind-energy  technology,  especially  in  urban  environment, 
because  they  require  less  land  space  and  using  the  same  space; 
they  are  capable  of  producing  more  energy  than  that  of  its 
counterpart  [116], 

4.  Wind  resource  harnessing  and  application  techniques 
in  urban  environment 

4.3.  Wind  power  extraction  for  electricity  generation 

Wind  energy  systems  can  be  economically  feasible  in  the  urban 
environment  as  they  eliminate  the  need  to  expand  the  high 
voltage  electrical  supply.  This  is  because  wind  energy  systems 
place  the  energy  source  close  to  the  electrical  load.  To  a  greater 
extent,  intensive  research  and  development  in  renewable  energy 
in  urban  environment  has  given  much  attention  on  the  use  of 
wind  energy  for  electricity  generation  [117].  Unique  solutions  for 
the  application  of  wind  energy  technology  in  urban  environments 
have  been  and  are  being  developed.  Until  now,  there  are  several 
ways  in  which  wind  energy  generation  systems  for  electricity 
production  have  been  integrated  into  urban  environments  [21]  for 
electricity  generation.  Among  them  includes,  systems  such  as 
stand-alone  wind  turbines  in  urban  locations,  retrofitting  wind 
turbines  onto  existing  buildings  and  full  integration  of  wind 
turbines  together  with  architectural  structure. 

4.1.3.  Stand-alone  wind  turbines 

Stand-alone  wind  energy  systems  are  best  suited  where  the  grid 
power  is  unavailable  [118],  and  the  power  generated  is  fed  into 
batteries  for  storage  instead  of  into  the  mains  grid.  For  this  reason, 
stand-alone  systems  produce  power  that  is  independent  of  the  utility 
grid  [119].  Due  to  the  turbulent  nature  of  wind  in  urban  environment, 
the  power  output  stability  significantly  depends  on  the  type  of  the 
wind  turbine  installed  as  well  as  the  location  within  the  turbulence 
region  [120],  Lower  power  range  wind  turbines,  particularly  the 
permanent  magnet  synchronous  generator  (PMSG),  have  been  chosen 
for  urban  environment  due  to  their  low  cost,  reduced  power  losses 
and  simple  construction  [121], 

Although  wind  speeds  are  generally  lower  in  built-up  areas, 
large-scale  urban  wind  energy  can  be  successfully  implemented  as 


Fig.  7.  Stand-alone  wind  turbine  at  Great  Lakes  Science  Center,  Cleveland  [124], 


shown  in  Fig.  7.  These  can  be  found  in  many  urban  areas  especially 
in  elevated  locations  or  coastal  locations  within  the  environs  of 
urban  environment.  In  general,  moving  large-scale,  stand-alone 
wind  turbines  into  the  built  environment  have  several  advantages; 
among  them  are  minimized  transmission  losses  and  cost.  Despite 
the  fact  that  large-scale  grid-connected  wind  turbines  have  proved 
to  be  economically  viable  in  many  parts  of  the  world,  design  of 
small-scale  stand-alone  wind  power  sources  for  urban  locations 
has  indicated  a  high  potential  of  reaching  a  commercially  feasible 
state  [122],  With  the  large  foreseen  potential  market  for  wind 
turbines  that  can  operate  either  as  stand-alone  generating  units, 
more  technical  solutions  are  being  proposed  every  day  to  include 
the  aspects  of  difficult  operating  conditions  within  the  urban 
environment  [123],  challenges  of  low  capacity  factor,  high  battery 
costs,  and  finite  capacity  to  store  electricity  that  leads  to  wastage 
of  the  extra  energy  generated  are  being  addressed  [122], 


4.3.2.  Retrofitting  wind  turbines  onto  existing  buildings 

One  of  the  techniques  being  considered  in  urban  environment 
is  the  use  of  micro-wind  turbines  designed  to  be  mounted  on  new 
and  existing  homes  [16,103],  for  small-scale  electricity  generation. 
Small-scale  turbines  are  proving  viable  as  building  retrofit  solution 
especially  with  micro-wind  turbines  of  various  types,  mentioned 
in  section  three  above,  being  commercially  available  [5],  Although 
many  governments  are  providing  attractive  schemes  to  encourage 
the  application  of  micro-wind  turbines  in  urban  area  areas  [103], 
such  small-scale  wind  turbines  for  building  integration  may  not 
always  be  esthetically  pleasing.  In  addition,  they  are  also  hazar¬ 
dous  due  to  high  frequent  failures  of  the  turbine  blades,  which 
have  raised  public  concern  over  issues  of  safety,  noise,  vibration 
and  visual  impact  [125],  A  few  researchers  however  have  come  up 
with  new  innovative  devices  such  as  the  power  augmentation- 
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guide-vane  (PAGV)  [126]  and  the  Omni-direction-guide-vane 
(ODGV)  [127]  for  integration  with  wind  turbines  to  solve  or 
minimize  the  challenges  of  safety,  noise,  vibration  and  visual 
impact.  The  ODGV  is  a  novel  revolution  of  PAGV  that  surrounds  a 
vertical  axis  wind  turbine  (VAWT),  to  improve  the  self-starting 
behavior  and  the  wind  turbine  performance.  This  is  achieved  by 
increasing  the  rotor  rotational  speed  for  on-site  generation. 

It  has  also  been  noted  that  retrofitting  wind  turbine  into 
existing  building  causes  an  obvious  difference  in  visual  impact 
between  the  conventional  wind  turbine  and  the  one  that  is 
specially  designed  for  urban  areas  [128].  The  overall  performance 
of  the  retrofitted  wind  turbine  varies  depending  on  the  roof 
position,  roughness  of  the  upwind  area,  size  of  the  building, 
upward  edge  rounding  and  the  yaw  of  the  free  stream  wind 
[86,129].  One  iconic  retrofit  project  is  the  Boston  Logan  airport 
building  [130],  as  shown  in  Fig.  8.  A  fleet  of  miniature  wind 
turbines  at  Boston  Logan  International  Airport  has  been  consid¬ 
ered  to  give  the  best  view  of  the  city.  The  20  turbines  installed  are 
uniquely  created  for  urban  environment  [131],  where  wind  tur¬ 
bines  are  specifically  engineered  to  take  advantage  of  the  accel¬ 
eration  effect  of  wind  as  it  passes  over  the  building  parapet.  Each 
one  kilowatt  six-foot-tall  turbine  is  affixed  at  a  unique  angle  to 
capture  the  winds  that  gust  through  Boston  Harbor  and  climb  the 
building's  walls  [130],  The  installation  was  estimated  to  generate 


about  100,000  kW  h  annually,  which  is  equivalent  to  3%  of  the 
building's  energy  needs  [132], 

4.1.3.  Full  integration  of  wind  turbines  together  with 
architectural  form 

This  method  involves  a  relatively  advanced  technical  and 
construction  plan  that  generally  leads  to  a  huge  capital  investment 
during  development.  Building  integrated  wind  turbines  are  gain¬ 
ing  more  attention  for  urban  on-site  clean  energy  generation. 
Options  for  integrating  wind  turbines  into  the  building  under  this 
project  are  usually  developed  during  the  initial  phase  of  the 
project.  Although  this  technique  might  seem  fascinating  from 
the  architectural  and  aerodynamics  point  of  view,  large-scale 
buildings  integrated  with  wind  turbine  technology  are  rare  in 
major  cities  due  to  their  challenging  issues  of  safety,  noise, 
vibration  and  visual  impact  [134],  However,  noise  and  vibration 
produced  by  HAWTs  can  be  mitigated  by  use  of  VAWT,  which 
comparatively  reduces  the  level  of  noise  and  vibrations.  Integra¬ 
tion  of  the  power  augmentation  guide  vane  (PAGV)  and  the  Omni- 
direction-guide-vane  (ODGV)  in  design  of  VAWT  has  also 
enhanced  reduction  in  noise  as  well  as  increased  wind  speed  that 
enters  the  turbine  [127,135]. 

One  of  the  projects  that  features  roof  mounted  wind  turbines 
integrated  building  structure  is  the  COR  project  by  the 


Fig.  8.  Boston  Logan  airport  building  wind  power  turbines  [133]. 


Fig.  9.  (a)  COR  project  external  view  [143],  (b)  Bahrain  WTC  twin  towers  [139],  and  (c)  SOM's  Pearl  River  Tower  [144]. 
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0PPENHE1M  architecture  and  design  [136],  shown  in  Fig.  9a.  The 
project  comprises  of  several  horizontal  axis  wind  turbines  located 
at  different  heights  all  over  the  four  facades.  The  project  helps 
overcome  the  short  fall  of  horizontal  axis  wind  turbine  not  being 
able  to  harness  wind  from  changing  directions  [137],  Probably 
among  the  most  popular  of  the  recent  examples  of  building 
integrated  designs  using  the  funneling  concept  are  the  Bahrain 
WTC  Twin  Towers  [138,139]  shown  in  the  Fig.  9b.  Bahrain's  iconic 
landmark  is  the  first  in  the  world  to  be  integrated  on  such  a  scale 
into  a  commercial  development  using  three  29  m-diameter  tur¬ 
bine  blades  horizontal  axis  wind  turbines  for  energy  generation 
[140],  The  energy  that  can  be  generated  from  the  turbines,  when 
fully  operational,  amounts  to  between  1100  and  1300  MW  h  per 
year.  This  accounts  to  approximately  11-15%  of  the  office  tower’s 
electrical  energy  consumption.  Another  attractive  concept  of 
building  integration  with  wind  turbine  and  aerodynamic  geometry 
is  SOM's  Pearl  River  Tower  [140],  shown  in  Fig.  9c.  The  tower’s 
curvilinear  form  funnels  air  through  two  inlets  in  the  facade  where 
two  vertical  axis  wind  turbines  (5  m  high  Windside  wind  tur¬ 
bines),  shown  in  Fig.  6b.  are  sited  to  take  advantage  of  the 
prevailing  winds  producing  about  5%  of  the  building’s  total  energy 
needs  [141].  The  distinct  feature  of  this  building  is  that  it  is  not 
dependent  on  having  two  Towers  building  to  funnel  wind  and  the 
wind  turbines  are  visually  intrusive  [142], 

Despite  increased  interest  in  building  integrated  wind  turbines, 
several  challenges  have  been  reported  in  their  implementation. 
One  of  the  major  limitations  is  that  turbulence  and  wind  shear 
that  is  characteristic  of  urban  environments  has  resulted  to  low 
and  unexpected  performance  [145],  Considering  the  location  of 
the  buildings,  additional  safety  measures  must  be  considered.  For 
example,  selection  of  wind  turbines  with  low/minimum  noise  for 
urban  environment  to  comply  with  the  low  noise  levels,  avoiding 
locating  the  turbines  in  the  sensitive  areas  should  be  avoided. 
In  addition,  providing  special  mounting  for  the  turbines  to  absorb 
or  isolate  vibration  is  also  important  [146],  With  special  considera¬ 
tions  given  to  these  challenges,  building  integrated  wind  energy 
systems  can  offer  a  secure,  equitable,  affordable  and  sustainable 
energy  supply,  which  is  vital  for  future  prosperity. 

4.1.4.  The  highway  turbine 

This  is  a  novel  way  of  re-capturing  some  of  the  energy 
expended  by  vehicles  moving  at  high  speeds  on  urban  highways, 
as  shown  in  Fig.  10.  This  kind  of  turbines  installation  is  being 
proposed  by  an  Arizona  State  University  [147],  The  concept  is  built 
based  on  the  effects  of  air  turbulence  generated  by  vehicles 


Fig.  10.  Horizontal  axis  wind  turbines  installed  in  Urban  Highway  [147], 


moving  at  a  high  speed,  particularly  heavy  trucks.  It  is  understood 
that  in  many  built  up  areas  there  is  enough  constant  traffic  volume 
that  can  maintain  a  steady  airflow  through  much  of  the  day. 
Electricity  extraction  involves  mounting  horizontal  axis  wind 
turbines  above  the  roadway,  which  are  then  driven  by  the  moving 
air  generated  by  the  passing  traffic.  The  electricity  generated  by 
spinning  these  turbines  can  be  used  locally  or  be  fed  into  the  grid. 
The  main  challenge  is  the  nature  of  the  turbulent  airflow  gener¬ 
ated  by  moving  traffic  and  the  safety  of  the  installation  to  the 
traffic. 

4.3.5.  Onshore  and  offshore  wind  power  generation 

The  coastal  regions  are  usually  the  most  economically  devel¬ 
oped  with  high  electricity  demand,  thus  the  exploitation  of 
onshore  and  offshore  wind  energy  does  not  only  help  ease 
pressure  on  power  supply  in  those  areas  but  also  helps  reduce 
greenhouse  gas  emissions  [148],  Development  of  onshore  wind 
farm  for  power  generation  on  the  seaside  of  coastal  cities  has 
majorly  been  restricted  by  land  availability  [28,149],  Other  pro¬ 
blems  such  as  wind  turbine  noise  and  their  visual  impact  on  the 
natural  environment  are  among  the  main  reasons  for  people  to 
refuse  to  accept  development  of  onshore  wind  turbines  close  to 
residential  areas  [150,151].  In  efforts  to  solve  the  challenges 
involved  in  onshore  turbine  development,  offshore  wind  technol¬ 
ogy  has  been  employed  in  some  cities  around  the  world  [151,152], 

Although  offshore  wind  turbines  operate  in  the  same  manner 
as  onshore  wind  turbines,  installation  at  the  sea  offers  numerous 
advantages  over  the  onshore  installation.  First,  there  is  a  lot  more 
available  space  and  fewer  complaints  about  noise  and  visual 
intrusion.  Second,  wind  over  the  water  is  generally  stronger,  more 
consistent  and  much  smoother  than  wind  over  the  land,  resulting 
in  significantly  higher  production  per  unit  installed.  Third,  wind 
turbines  can  be  bigger  than  those  on  land  because  it  is  easier  to 
transport  very  large  turbine  components  by  sea.  In  addition, 
offshore  wind  farms  can  be  installed  close  to  major  urban  centers, 
requiring  shorter  transmission  lines  to  bring  this  clean  energy  to 
these  high  energy  cost  markets.  For  these  reasons,  offshore  wind 
power  generation  becomes  one  of  today's  fastest  growing  energy 
technologies  and  is  going  to  be  the  future  focus  of  development  in 
many  countries  around  the  world  [153,154],  At  the  end  of  2011, 
there  were  53  European  offshore  wind  farms  in  waters  off 
Belgium,  Denmark,  Finland,  Germany,  Ireland,  The  Netherlands, 
Norway,  Sweden  and  the  United  Kingdom,  with  an  operating 
capacity  of  3813  MW  [155],  while  5603  MW  was  under  construc¬ 
tion  [156],  More  than  100  GW  (or  100,000  MW)  of  offshore 
projects  are  proposed  or  under  development  in  Europe  [157], 
However,  compared  to  onshore  wind  farms,  offshore  wind  tur¬ 
bines  are  more  expensive  and  difficult  to  install  and  maintain  due 
to  the  variable  and  rough  sea  conditions. 

At  present,  the  major  barrier  to  the  deployment  of  offshore 
wind  energy  on  a  massive  scale  is  the  high  costs  of  offshore  wind 
facilities.  Nevertheless,  significant  cost  reduction  in  the  offshore 
wind  sector  could  be  achieved  by  using  future  advanced  technol¬ 
ogy  to  optimize  every  stage  of  development,  manufacture,  instal¬ 
lation  and  operation  [158]. 

4.2.  Wind  driven  roof  ventilators 

Ventilation  is  changing  of  air  in  an  enclosed  space.  Lack  of 
ventilation  can  cause  excessive  humidity,  condensation,  overheating 
and  a  build-up  of  odors,  smokes  and  pollutants  [159,160],  Ventila¬ 
tion,  therefore,  plays  an  important  part  of  HVAC  (heating,  ventilation 
and  air-conditioning)  systems,  which  are  very  energy  intensive.  Roof 
ventilators  can  be  recognized  as  a  VAWT  type  because  they  spin 
vertically  and  have  the  same  shaft  position,  blade  and  operate  in  the 
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same  manner  as  VAWTs.  The  main  function  of  the  free  spinning  roof 
ventilator  is  to  provide  fresh  air  in  roof  space  and  living  area  all  the 
year  round  with  an  additional  function  to  generate  electrical  energy 
to  subsidize  on  grid  power  expenses.  Natural  ventilation  can  pas¬ 
sively  or  actively  be  enhanced  by  wind  driven  ventilation  techniques. 

Passive  wind  driven  ventilation  techniques  involves  strategic 
placement  of  openings,  like  windows  and  doors  [161],  in  buildings 
to  cut  down  on  artificial  cooling;  incorporation  of  artria  and 
courtyards  [162]  which  provide  a  relatively  enclosed  space  to 
channel  and  direct  airflow  into  some  openings  and  results  in 
convective  natural  ventilation  within  and  around  the  building;  and 
incorporation  of  wind  towers  and  wind  catchers  enables  capture  of 
the  wind  at  roof  level  and  redirects  it  down  into  the  building.  Active 
wind  driven  ventilation  techniques  involve  systems  such  as  turbine 
ventilators  usually  installed  on  top  of  the  roof  where  higher  wind 
speeds  are  available  for  most  buildings  and  rotates  in  its  vertical  axis 
to  create  an  updraft  of  air  inside  the  turbine  as  well  as  hybrid 
ventilators  which  combine  the  traditional  turbine  ventilator  with  a 
small  DC  fan  powered  by  solar  cells  [163]  enhancing  the  ventilation 
rate  at  low  wind  speeds  [164].  Study  done  by  Shun  and  Ahmed  [165] 
demonstrated  that  a  single  hybrid  ventilation  device  had  a  much 
improved  operational  flexibility  and  performance  characteristics 
when  compared  with  existing  ventilation  technology.  In  addition, 
air  extraction  was  possible  even  under  conditions  of  zero  wind  and 
bad  light.  Their  study  represented  a  significant  step  forward  in 
promoting  the  use  of  clean  energy  for  the  purposes  of  building 
ventilation,  especially  in  urban  environment. 

4.3.  Onshore  cooling  and  dehumidification  of  coastal  cities 

Wind  regimes  in  the  coastal  urban  areas  are  one  of  the  most 
pronounced  micro  and  meso-climate  factors.  Although  the  basic 
features  of  the  local  climates  that  accompany  these  wind  regimes 
have  been  studied  for  some  time,  more  research  is  still  needed  to 
refine  understanding  of  their  internal  dynamics  in  urban  areas. 

Daytime  onshore  flow  from  a  cool  water  surface  to  warmer  coastal 
urban  lands  is  one  of  the  most  important  common  wind  regimes. 
Lake-  and  sea-breezes  are  common  varieties  of  onshore  flow.  Onshore 
flow  into  adjacent  urban  environment  involves  not  only  wind  but 
also  carries  lower  air  temperature  and  different  humidity  on  to  the 
land.  This  produces  a  zone  along  the  shoreline  in  which  climate 
differs  from  that  found  in  the  inland  built  up  environment.  Contrasts 
in  atmospheric  conditions  are  frequently  great  enough  to  have  several 
practical  effects  on  human  thermal  comfort  and  building  heat  loads. 
These  effects  are  easily  perceived  and  recognized  by  residents  of 
coastal  cities.  People  definitely  feel  cooler  with  the  onshore  flow  [24], 
Building  temperatures  and  cooling  requirements  are  lower.  This  is  as 
a  result  of  lower  air  temperature  and  higher  wind  speed  accompany¬ 
ing  the  onshore  flow. 

4.4.  Street  ventilation  and  pollutant  dispersion 

The  urban  thermal  environment  has  been  worsened  by  the 
Urban  Heat  Island  (UHI)  effects  [166,167],  now  regarded  as  one  of 
the  most  serious  urban  environmental  problems  in  the  world. 
Increasing  urbanization  and  concern  about  sustainability  and 
quality  of  life  issues  have  produced  considerable  interest  in  flow 
and  dispersion  in  urban  areas.  Wind  conditions  in  urban  areas  play 
a  very  important  role  in  removing  or  dispersing  the  airborne 
pollutants  as  well  as  mitigating  the  UHI  effects  in  urban  canopies 
or  providing  cleaner  external  (rural  or  onshore)  air  [168],  Urban 
environment  with  high-rise  buildings  and  narrow  streets  act  as 
blockages  and  pathways  to  the  approaching  wind.  Consequently, 
they  affect  the  urban  wind  ventilating  capacity. 

In  urban  areas  ventilation  capacity  is  dependent  mainly  on  the 
magnitude  of  the  street  volume,  the  total  city  length,  the  flow 


rates  through  street  openings  and  street  roofs  due  to  mean  flows 
and  turbulent  fluctuations.  For  these  reasons,  a  good  choice  is  to 
build  taller  buildings  and  wider  streets  to  capture  more  air  into  the 
street  network  for  city  ventilation,  at  the  same  time,  it  utilizes 
some  large  open  space  like  gardens,  football  fields,  parks,  river  etc., 
to  separate  a  continuously  city  scale  (up  to  10  km)  built-up  urban 
area  into  several  neighborhood  scale  urban  areas. 

Terrain  undulations  are  likewise  a  significant  factor  in  the 
dynamics  of  the  urban  boundary  layer  and  urban  dispersion,  even 
for  moderate  terrain  slope  ratio  (0.26)  and  small  hill  to  building 
height  ratio  [169],  Atmospheric  boundary  layer  dispersion  proper¬ 
ties  are  affected  non-linearly  with  small  hills  slightly  reducing 
velocity  variances  while  large  hills  strongly  increasing  the  same. 
Large  population  centers  are  frequently  located  in  coastal 
urban  areas  (e.g.,  San  Francisco,  Barcelona,  Tokyo,  and  Brisbane). 
In  addition,  most  of  the  coastal  cities  have  hilly  terrain  with  typical 
height  variations  on  the  order  of  or  larger  than  the  building  height 
is  common. 


5.  Economics  and  environmental  benefit  of  application 
wind  energy  system  in  urban  environment 

Wind  energy  exploration  and  exploitation  is  increasingly 
becoming  an  important  economic  booster  in  reducing  the  expo¬ 
sure  of  our  economies  to  fuel  price  volatility.  This  is  especially  the 
case  for  economies  that  depend  on  imported  fuel  from  politically 
unstable  countries  [170].  Use  of  wind  turbines  in  urban  environ¬ 
ment  provides  economic  balance  because  power  generation  costs 
cannot  be  influenced  by  fluctuating  fuel  costs.  Like  any  other 
energy  system,  the  basic  costs  of  wind  energy  is  determined  by 
various  factors  such  as;  upfront  investment  costs,  wind  turbine 
installation  costs,  capital  cost,  operation  and  maintenance  costs, 
other  project  development  and  planning  costs,  turbine  lifetime 
and  electricity  production  cost  [5], 

Approximately  75%  of  the  total  cost  of  energy  for  a  wind 
turbine  is  related  to  upfront  costs  such  as  the  cost  of  the  turbine, 
foundation,  electrical  equipment,  grid-connection  and  so  on  [171], 
Wind  turbines  service  and  maintenance  constitute  a  sizeable  share 
of  the  total  annual  costs  of  a  wind  turbine.  However,  compared  to 
most  other  power  generating  costs,  they  are  very  low. 

Micro-generation  technologies,  especially  those  with  appreci¬ 
able  resource,  have  the  potential  to  reduce  built  environment 
related  C02  emissions  coupled  with  reductions  in  consumers' 
electricity  costs.  In  many  cases  payback  on  capital  investment  is 
within  the  lifetime  of  the  device.  The  cost  per  energy  produced 
and  payback  period  of  wind  energy  systems  in  urban  environment 
are  greatly  dependent  on  variable  parameters  from  city  to  city  and 
time  to  time  making  it  difficult  to  come  up  with  specific  informa¬ 
tion  for  each  turbine  [172,173],  Wind  speed  in  urban  sites  has  the 
greatest  influence  on  wind  system  economic  viability.  It  therefore 
poses  a  very  important  factor  when  siting  a  wind  turbine.  Till 
present  time,  there  are  very  few  wind  energy  system  installations 
in  urban  environment  to  be  able  to  draw  definitive  conclusions 
about  their  success  of  installation  [174].  In  general  tall  buildings 
and  tower  blocks  seem  to  offer  best  conditions  to  capture  higher 
wind  speeds,  due  to  less  wind  flow  influence,  and  as  a  result 
making  wind  energy  turbine  installation  in  cities  viable. 


6.  Social  acceptance  of  wind  energy  exploitation  in  urban 
environment 

Exploitation  of  wind  energy  in  urban  environment  has  gen¬ 
erally  been  considered  as  an  important  contributor  to  renewable 
energy,  climate,  and  energy  security  by  many  countries  around  the 
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world.  Increase  in  the  number  of  wind  energy  systems  and  other 
exploitation  strategies  suggest  a  general  acceptance  of  wind  power 
[175],  However,  social  acceptance  involves  a  wide  range  of 
stakeholders,  including  the  general  public,  various  institutions 
and  associations,  project  developers,  financiers,  and  residents  of 
local  project  host  communities  [176].  It  also  touches  many  dis¬ 
ciplines,  including  medicine  and  psychology  (aspects  of  well¬ 
being),  biology  (ecosystem  effects),  psychology  and  sociology 
(procedural  fairness),  policy  and  spatial  planning,  and  economics 
(distribution  of  costs  and  benefits).  In  specific,  social  acceptance 
defines  the  societal  consensus  and  provides  a  powerful  indicator 
towards  wind  energy.  This  review  article,  however,  offers  limited 
analysis  on  social  acceptance  of  wind  energy  exploitation  in  urban 
environment  although  it  must  be  noted  that  the  issue  of  social 
acceptance  must  be  taken  into  account  in  existing  and  new  wind 
power  initiatives  and  projects.  In  assessing  the  social  acceptance, 
key  aspects  such  as  policy  and  strategy,  well-being  and  quality  of 
life,  cost  and  benefit,  consultation  and  public  involvement,  and 
implementation  strategies  needs  to  be  considered. 


7.  Conclusions 

As  it  is  expected  that  more  people  will  move  to  urban  areas 
during  the  next  few  decades,  more  energy  sources  that  are  safe, 
secure,  affordable  and  environmental  friendly  need  to  be  exploited  to 
be  sufficient  for  the  growing  population.  Wind  energy  resources, 
their  exploration  and  use  in  urban  areas  are  coming  under  increasing 
scrutiny  as  part  of  renewable  energy  solutions.  Due  to  these  factors, 
more  unique  solutions  for  the  application  of  wind  energy  technology 
in  urban  environments  have  been  and  are  being  developed.  New 
wind  energy  systems  development  in  urban  areas  allows  designers 
to  architecturally  integrate  the  wind  energy  system  into  the  building 
and  other  urban  structures.  In  using  new  wind  energy  technologies 
incorporated  in  urban  environment,  some  of  the  challenges  such  as 
low  or  poor  wind  turbine  output,  shadow  flicker,  strong  visual 
impact  and  to  some  extent  vibrations  and  noise  issues  in  building 
and  other  structures  are  able  to  be  mitigated. 

Wind  technologies  in  urban  environment  is  a  quite  new  field  in 
development  with  great  potential  where  many  new  ideas  and 
solutions  are  being  developed  every  day  for  economical  and  sustain¬ 
able  exploitation  through  well  planning  and  design  of  systems.  Until 
now,  the  common  types  of  wind  turbines  used  in  urban  environment 
are  horizontal  axis  wind  turbine  types.  Although  simplicity  in 
construction  and  low  cost  of  materials  has  been  a  major  driving 
factor  in  the  decision  making  process,  VAWTs  have  been  preferred  for 
small  scale  power  production  in  urban  environment  as  they  possess 
the  required  design  factors  to  take  advantage  of  urban  low  and 
turbulent  wind  speed  characteristics,  installation  space  challenges, 
vibration  and  noise  reduction,  among  others. 

One  of  the  main  economic  advantages  that  wind  energy  system 
will  provide  when  incorporated  within  the  urban  environment  is 
the  placement  of  the  energy  source  close  to  the  electrical  load. 
This  eliminates  the  need  to  expand  the  high  voltage  electricity 
network  to  provide  electricity  for  these  loads.  Other  than  generat¬ 
ing  electricity  in  urban  areas,  urban  wind  turbines  help  to  main¬ 
tain  a  more  natural  environment  in  our  cities  through  zero 
greenhouse  gas  emission.  Moreover  as  our  energy  future  is  certain 
to  rely  increasingly  on  a  multiple  renewable  sources,  wind  energy 
has  a  place  in  the  built  environment  for  some  time  to  come. 

With  all  human  methods,  not  all  agree  with  wind  power 
harvesting  for  urban  applications.  However,  recent  work  done 
indicates  that  urban  wind  power  is  a  resource  that  is  too  good  to 
go  to  waste  given  the  energy  and  environmental  challenges  we  are 
facing.  Thoughtful  planning,  site  examination  and  turbine  selec¬ 
tion  can  help  us  master  the  unruly  urban  wind  for  good  use. 
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